The hormonal contraceptive Medroxyprogesterone Acetate (MPA) is associated with increased 39 risk of Human Immunodeficiency Virus (HIV), via incompletely understood mechanisms. 40 Increased diversity in the vaginal microbiota modulates genital inflammation and is associated 41 with increased HIV-1 acquisition. However, the effect of MPA on diversity of the vaginal 42 microbiota is relatively unknown. In a cohort of female Kenyan sex workers, negative for sexually 43 transmitted infections (STIs), with Nugent Scores <7 (N=58 of 370 screened), MPA correlated 44 with significantly increased diversity of the vaginal microbiota as assessed by 16S rRNA gene 45 sequencing. MPA was also significantly associated with low vaginal glycogen and α-amylase, 46 factors implicated in vaginal colonization by lactobacilli, bacteria believed to protect against STIs.
Index was significantly greater in sex workers on DMPA than NH, suggesting that DMPA is 141 associated with enhanced bacterial diversity in the VMB of healthy, asymptomatic Kenyan sex 142 workers.
144
To identify taxa that significantly differed in the VMB of sex workers on DMPA as compared to 145 NH, the LEfSe method was employed (26) . Women on DMPA were more likely to be colonized 146 by Operational Taxonomic Units (OTUs) from Peptoniphilus, Finegoldia, Achromobacter, 147 Verrucomicrobia, Varibaculum, Corynebacterium, Corynebacteriaceae, Verrucomicrobiaceae, 148 Verrucomicrobiae, Akkermansia, Staphylococcus, Bacillales, Prevotella, Actinomycetales, 149 Proteobacteria, and Actinobacteria, while NH women were more likely to be colonized by OTUs 150 within Fermicutes, and Anaerococcus ( Figure 1E ). Taken together, results suggest DMPA is 151 positively associated with VMB diversity in healthy, asymptomatic Kenyan sex workers. Subsequently we sought to assess the relationship between VMB diversity and cervical HIV-1 164 target cells (CD4+CCR5+ T cells). There was no significant relationship between the percentage 165 ( Figure 2A ; P=0.496, R 2 =0.009) or count (N) ( Figure 2B ; P=0.079, R 2 =0.06) of cervical 166 CD4+CCR5+ T cells and VMB diversity (Shannon Diversity Index at 12744 reads). However, a 167 significant positive correlation was observed between VMB diversity (Shannon Diversity Index at 168 12744 reads) and mean fluorescence intensity (MFI) of CCR5 expression on CD4+ T cells in the 169 cervix ( Figure 2C ; P=0.009, R 2 =0.12), suggesting that with increasing bacterial diversity there are 170 increased CCR5 receptors on cervical HIV-1 target cells (CD4+ cells). Thus, diversity of the VMB 171 appears to correlate with activation of HIV-1 target cells in Kenyan sex workers with Nugent 172 Scores <7. This provides a potential mechanism by which diversity of the VMB might influence 173 inflammation in the female genital tract and impact susceptibility to HIV-1 in this cohort. Typically a decreased risk of HIV-1 is associated with a low diversity, Lactobacillus-dominant 178 VMB (11, 18, 27) . Therefore, we examined whether hormonal contraceptives affected the 179 proportion of sex workers with Lactobacillus-dominant VMB. The top 20 bacterial genera were 180 plotted by method of contraception, as taxa bar charts ( Figure 3A ). The type of contraceptive did 181 not significantly alter the proportion of sex workers with Lactobacillus-dominant VMB (>50% 182 relative abundance). NH women were just as likely to have Lactobacillus-dominant VMB as those 183 on DMPA (68%, 15/22 vs. 68%, 15/22, respectively), while those on OCPs had a slightly higher 184 proportion of Lactobacillus-dominant women (79%, 11/14), but there was no significant difference 185 in the proportion of Lactobacillus-dominant women between contraceptive groups (P=0.758; Chi-186 square). However, more sex workers on DMPA were borderline Lactobacillus-dominant and more 187 genera were visually apparent in the taxa bar charts of these women, supporting our results 188 demonstrating enhanced Shannon Diversity in women on DMPA ( Figure 1C, D) . Furthermore, the 189 dominant species of Lactobacillus did not differ between groups (Table 1; Healthy, asymptomatic Kenyan sex workers on DMPA have low vaginal glycogen and α-amylase 201 One factor believed to promote and maintain lactobacilli in the vaginal tract is glycogen, stored in 202 vaginal epithelial cells, and available as free glycogen in vaginal fluid (13) (14) (15) . Glycogen is a 203 glucose polymer converted to disaccharides by α-amylase, and can be used by lactobacilli and 204 other bacteria (16) as an energy source. Estrogen has been proposed to enhance glycogen in the 205 human vaginal epithelium (28, 29) , and glycogen is experimentally enhanced in the vaginal tissues 206 of estrogen-treated hamsters, and non-human primates (30, 31) . As DMPA is potently anti-207 estrogenic (4), we examined whether DMPA was associated with lower levels of free glycogen 208 and α-amylase in the vaginal microenvironment as compared to NH women (with endogenous 209 hormones), or those on estrogen-containing OCPs. As others have demonstrated the diverse 210 vaginal microflora can overshadow the effect of hormones on vaginal glycosidases and lectins (22, 211 23), we restricted this analysis to women with Nugent scores ≤3. Vaginal glycogen ( Figure 4A ; 212 N=16, 18; P=0.043) and α-amylase ( Figure 4B ; N=16, 16; P=0.0095) were significantly less 213 abundant in the CVLs of sex workers on DMPA compared to NH women (2.04±0.42 vs. 214 5.98±1.72mg/mL; and 3.91±1.32 vs. 16.90±3.78mU/mL respectively). Furthermore, sex workers 215 on estrogen-containing OCPs had the highest free vaginal glycogen, and significantly more vaginal 216 glycogen than women on DMPA (Supplemental Figure 5A ; N=13, 16; P=0.008), supporting the 217 belief that estrogen is linked with enhanced vaginal glycogen.
219
As glycogen is believed to maintain lactobacilli in the vaginal tract we assessed the relationship 220 between free glycogen and Lactobacillus abundance. Free glycogen in the CVL positively Figure 1) . Therefore, we decided to experimentally validate the main 233 effects of DMPA on VMB diversity and vaginal glycogen. We recently optimized a humanized 234 mouse model, reconstituted with human immune cells, that demonstrates HIV-1 infection 235 following intravaginal challenge (33). We examined the effect of DMPA on diversity of the VMB 236 in this model. Since humanized mice have disrupted/irregular reproductive cycles due to radiation 237 treatment administered to deplete bone marrow (required for engraftment of human immune cells), 238 we treated humanized mice with physiological concentrations of estradiol (E2) or DMPA for 14 239 days, and assessed alpha-diversity from vaginal washes using the same metrics we had in women.
240
To ensure subcutaneous injection of DMPA could induce circulating concentrations similar to 241 women, we determined MPA levels in the serum of mice injected with different concentrations of 242 DMPA, as described in Methods. Our results indicated that 2mg of subcutaneous DMPA 243 consistently led to concentrations of MPA in humanized mice that were similar to those seen in 244 women (Supplemental Figure 2A , D). As in the sex worker cohort, there were no significant 245 differences in observed species ( Figure 5A ), or Chao1 ( Figure 5B ), in the VMB of humanized 246 mice given E2 versus DMPA. However, the Shannon Diversity Index was significantly greater in 247 DMPA-treated humanized mice compared with E2 ( Figure 5C ). LEfSe (26) identified taxa that 248 significantly differed between humanized mice on DMPA versus E2. Humanized mice on DMPA 249 were significantly more likely to be colonized by 30 different taxa than those on E2 ( Figure 5D ). Vaginal microbial diversity is minimized by estradiol in humanized mice 255 We collected vaginal lavage from humanized mice at baseline and during hormone treatment (day Figure 6B ). This suggests estradiol may 261 be important in reducing and maintaining low bacterial diversity. As DMPA induces hypo-262 estrogenism (4) (Supplemental Figure 2A) , it stands to reason that bacterial diversity is not 263 suppressed in the absence of estrogen, and thus DMPA correlates with VMB diversity. DMPA enhances susceptibility to HIV-1 in humanized mice 281 DMPA is associated with increased susceptibility to HIV-1 in women (1), and women with high 282 diversity VMB are more susceptible to HIV-1 (11). Here, we demonstrate DMPA is associated 283 with VMB diversity in Kenyan sex workers and humanized mice, which may contribute to 284 increased HIV-1 risk. No studies have demonstrated a direct link between DMPA and enhanced 285 susceptibility to HIV-1 in humanized mice. We thus experimentally assessed whether DMPA-286 treated humanized mice were more susceptible to HIV-1 in a heterosexual model of viral 287 transmission (33) compared to untreated, control humanized mice. Humanized mice (control, no 288 hormonal treatment, N=20) and DMPA-treated humanized mice (N=22) were challenged 289 intravaginally with 10 5 TCID50/mL NL4.3-Bal-Env HIV-1 (33, 34). HIV-1 viral load in peripheral where DMPA-treated humanized mice had greater VMB diversity and less vaginal glycogen.
302
These mice also had enhanced susceptibility to HIV-1 following intravaginal challenge. Based on 303 these results we posit a potential mechanistic model linking DMPA-induced hypo-estrogenism to 304 changes in the VMB and microenvironment that might impact susceptibility to HIV-1 ( Figure 7 ).
305
These results represent substantial progress towards understanding the biological link between 306 MPA, the vaginal microenvironment, and susceptibility to HIV-1 in sex workers without clinical 307 BV. of HIV-1 acquisition in a meta-analysis (37). Here, we examined the effect of MPA on VMB 320 diversity in Kenyan sex workers, excluding women with BV. Importantly, we found the VMB of 321 sex workers with Nugent scores <7 who were on DMPA was significantly more diverse than those 322 with Nugent scores <7 who were not on hormonal contraceptives. This relationship was still Figure 2A ).
370
We also found lower vaginal glycogen and α-amylase in Kenyan sex workers on DMPA. Glycogen 371 is a glucose polymer that can be converted to disaccharides by α-amylase, and utilized by bacteria diversity. This may be particularly true in a sex worker cohort, where women are more likely to 377 be exposed to a variety of bacteria because they likely have more sex, multiple partners, and 378 different sexual practices than women who are not sex workers. Importantly, MPA was also 379 associated with low vaginal glycogen in humanized mice, even though Lactobacillus is not Although DMPA is associated with increased bacterial diversity, low vaginal glycogen, α-amylase 393 and activated CD4+ target cells in the vaginal tract of Kenyan sex workers, and some of these 394 results were recapitulated in the humanized mice, we wanted to determine if MPA enhanced HIV-395 1 susceptibility in these mice. We challenged humanized mice intravaginally with HIV-1 and 396 DMPA-treated mice were more likely to become infected than controls (77% vs. 35%, P=0.014). on the VMB is more subtle than initially expected. However, our study provides a comprehensive 425 assessment of MPA on VMB diversity in Kenyan sex workers, excluding BV as a confounder. 426 Most previous studies employed targeted methods (qPCR (9), bacterial culture (5, 6), microarrays 427 (7)) to draw conclusions which could bias results. Further, confounding variables including 428 ethnicity, method of contraception (ie. all forms or progestins together), varying lengths of time 429 on hormonal contraceptive, and BV were major potential confounders in these studies, making it Our study was not without limitations. Factors including ethnicity, cultural background, and 458 vaginal douching affect the VMB (12, (18) (19) (20) (46) (47) (48) . We therefore recruited sex workers of the 459 same ethnicity, and geographical region to minimize confounders. Although we collected 460 information on vaginal douching, we do not have information on intravaginal drying practices, 461 which are associated with VMB diversity (43). However, because we did not see a significant 462 difference in the proportion of sex workers practicing vaginal douching, we do not anticipate a 463 difference in women performing vaginal drying, by method of contraception. One limitation of 464 our study was the relatively small clinical study sample size. This was due to our strict 465 inclusion/exclusion criteria. However, these same criteria were likely key in our ability to 466 demonstrate the subtleties of the effect of MPA on the sex worker VMB. To compensate for small 467 size we experimentally recapitulated clinical study results in humanized mice. In the present study, 468 we collected samples from NH women on days 5-10 of the menstrual cycle to minimize cycle 469 variability and standardize cycle phase. However this phase is the estrogen high phase of the 470 menstrual cycle, and because we did not recruit sex workers during the progesterone high phase, 471 one could question if differences in diversity were due to sample collection time for NH women.
472
However two independent prospective studies have shown the Shannon Diversity Index remains 473 stable across the menstrual cycle (19, 48) . We thus believe results represent an accurate depiction 474 of the effect of MPA on VMB diversity and the vaginal microenvironment in sex workers, 475 especially given results of recent studies (8, 10) . Herein, we demonstrate MPA is associated with VMB diversity, and suppression of vaginal 483 glycogen and ɑ-amylase in Kenyan sex workers; two factors believed to promote vaginal 484 colonization by protective bacteria. We also show MPA has similar effects in humanized mice, 485 and enhances susceptibility to HIV-1 following intravaginal challenge. We thus propose one 486 mechanism by which MPA increases susceptibility to HIV-1 in sex workers is via suppressing 487 endogenous estrogen, which is responsible for maintaining glycogen and α-amylase, factors Figure 1) , and strict inclusion/exclusion 508 criteria below. Written informed consent, and demographic information ( Table 2) Women were included if >18 years old, pre-menopausal, willing to undergo pelvic exams, intact 512 uterus and cervix, in good health and negative for STIs (gonorrhea, chlamydia, Trichomonas 513 vaginalis, syphilis, HIV), negative for yeast infection, Nugent Score <7 at screening, could abstain 514 from douching 24 hours, and sexual activities 12 hours before sample collection, and use condoms 515 for 36 hours prior to abstinence, and had not been in sex work >5 years. Sex workers on DMPA 516 were using injectable DMPA >6 months and within 3-4 weeks of most recent injection. Sex 517 workers on OCPs were taking OCPs containing estrogen and progesterone (recorded/confirmed 518 by staff during screening) >6 months and within 5-10 days of beginning a new pack. Sex workers 519 not using hormonal contraceptives (NH) were not taking any hormonal contraception for >6 520 months and were within 5-10 days of beginning a menstrual cycle (proliferative phase). MPA was 521 quantified in duplicate in the plasma of all women by ELISA (EuroProxima, Arnhem, 522 Netherlands), as per protocol, following modifications (50) (Supplemental Figure 2A) . Plasma Figure 2A ), it thus stands to reason that in the absence of endogenous estrogen diversity of the 953 vaginal microbiota is not suppressed, and thus DMPA correlates with diversity. Each humanized 954 mouse is denoted by a unique symbol in the graphs to allow for comparisons in bacterial diversity 955 between days, and for comparisons with taxa bar charts (Supplemental Figure 6B 
